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	 Self-acting seals are described in detail. The mathematical models for obtaining a seal force bal-
ance and the equilibrium operating film thickness are outlined. Particular attention is given to primary
ring response (seal vi l,ratlon) to rotating seat face runuut. This response analysts reveals three differ-
ent vibration mudes with secondary seal friction being an important parameter. Leakage flow inlet Ares-
sure drop and affects of axisymmetric and nonaxisvmmetric sealing face deformations are discussed. F.xper-
•
	
	 Imental data on self-acting face seals operating under simulated gas turbine conditions are given; these
data show the feasibility of operating the seal at conditions of 345 N/cm 2
 (500 psi) and 15: m/sec (500
m	 ft/sec) sliding speed. Also a spiral groove seal design operated to 244 m/sec (800 ft/sec) is described.
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SYMBOLS
afro - ri)
H	 constant ` I'm -
	 2
F	 sealing dam force. N; lbf
h	 film thickro•ss, cm; in.
1/3
hcher	
characteristic- film thickness • (h 2h 2 /hm )	 , cm; in.
2	 primary seal radial length
L	 s,•aling dam circumferential length, cm; /n.
N	 Mach number
P	 pressure, S/m 2 or N/em2 ; psi
6P	 pressure difference. N/m - or N/cm 2 ; psi
Q	 net leakage (volume) flow rate, srmm; srfm
R	 radius, cm; in.
GR	 sealing dam radial width, Ru
	
a
- R., cm; in.
R	 gas wusLant, univ,r.+al gas constant/molecular weight
Re	 Reynolds number
r	 radial direction coordinate
T	 temperature, K; of
V	 velocity, m/sec; ft /se,
x	 coordinate in pressure gradient direction (radial direction)
y	 coordinate across film thickness
z	 shear flow coordinate in Cartesian system
Q	 relative inclination angle of primary seal fares, rad
P	 axisymmetrlc relative inclination of primary seal faces, rad
Y
	
nonaxisvmmetric relative irclination of prlmary seal faces, rad
4	 eh.,.luh• or dvn.tmic vl,•o,ity, N-see/m'; (lhf-sec)/ft2
p	 density, kg/m 3 ; (Ibf)(sec2Mt 4
Subscripts:
av	 average
char	 based on characteristic film thickness
h	 based on film thickness
1	 inner cavity
m	 mean
0	 outer cavity
r	 based on radius
s	 spring
I	 sealed pressure, upstream reservolt pressure
1	 pressure at and within sealing gap inlet
•tM1
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pressure t and within sealing gap exit
downstream reservoir pressure
INTRODUCTION
The continuing Increases in gas pressure and temperature which accompany the evolution of the gas
turbine, industrial compressor, and other rotating machinery places burdens on a shaft seal technology,
which seems to some to be barely adequate for current needs. In addition, the emphasis on efficiency
caused by the impending fuel shortage causes an additional need for seals with reduced leakage rates. In
the gas turbine shaft seals are used to restrict leakage from a region of a gas at high pressure to a re-
gion of gas at a lower pressure and to restrict gas leakage into the bearing sumps. (Bearing sumps con-
tain an oil-gas mixture at near ambient pressure, and gas leakage through the seal helps prevent oil leak-
age out and maintains a minimum sump pressure necessary for proper scavenging.) Bearing sumps in the high
pressure turbine area are usually the most difficult to seal because the pressures and temperatures sur-
rounding the sump can be near compressor discharge conditions.
Labyrinth seals are commonly used for shaft sealing in gas turbine engines (a simplified model of one
system Is shown in Fig. 1). The advantage of labyrinth seals is that the speed and pressure capability is
limited only by the structural design; one disadvantage is a relatively high leakage rate. This leakage
cam be a significant performance penalty, and will provide easier passage of air-borne water and dirt into
the sump. In this regard high leakage rates of hot gas into the bearing compartment tend to carry oil
overboard and add significantly to the heat dissipation burden of the oil cooling system. An added compli-
cation in small engines is the limited space available for seals and bearing sumps, here the multiple
labyrinth seal with associated bleed and venting passages is difficult to accommodate.
Conventional rubbing contact seals, shaft riding and radial face types, are also used for sealing
bearing sumps. Because of wear rate, shaft riding and circumferential seals (see Fig. 2 for one version),
have been limited to pressure less than 69 N/cm 2 (100 psi); and successful operation has been reported at
a sealed pressure of 58 N/cm2 (85 psi), a gas temperature of 644 K (7000 F), and a sliding velocity of
73 m/sec (240 ft/sec)(Ref. 1). On the other hand, the conventional rubbing contact face seal (Fig, 3)
is limited to approximately 90 N/cm 2
 (130 psi) and 122 m/sec (400 ft/sec) for long operational life.
Rubbing contact seals are attractive because they have lower leakage rates than labyrinth seals. Asso-
clated with this lower gas leakage rate Is less entrained debris, lower heat dissipation requirement for
the oil cooling system, and lower efficiency penalty.
By incorporating thrust bearing geometry into .i conventional face seal, nonrubbing operation can be
achieved. This seal concept has been termed the "self-acting" seal, since the mechanism is similar to a
self-acting thrust bearing in that the mating faces lift out of contact b,cruse of the pressure developed
by relative motion between the seal faces. Studies (Refs. 2 and 3) demonstrated that the self-acting seals
can operate at advanced aircraft engine conditions, that they have lower leakage rates than labyrinth
seals, and hence that they are attractive from an efficiency standpoint.
The objectives of this paper are to (a) review the operating prin,iple and design of the self-acting
seal, (b) point out effects of adverse operating condltons, and (c) present some experimental data. The
data are for two seal sizes, a 16.76-cm (6.60-in.) nominal diameter seal suitable for large gas turbines
and a 6.44-cm (2.54-in.) diameter seal for small engines. The experimental portion of the program was run
In rigs which simulated the bearing compartments of gas turbines, this placed the sealed pressure at the
seal inside diameter; thus the bearing oil/air mixture was at the seal outside diameter and centrifugal
force acted against nil leakage.
DIS(USSION AND ANALYSIS
Self-Acting Face Seal Terminology
The terms "hydrodynamic" and "hvdrostatic" are often applied to describe seals for compressible • fluids
as well as for incompressible fluid— But following the bearing terminology, the terms "self-acting" and
"pneumostatic" will he used when the sealed fluid is compressible, and the terms "hydrodynamic" and "hydro-
static" will be reserved for sealing incompressible fluids.
It should be noted that conventional "contact" seals often operate with separation of the sealing sur-
faces because of forces produced by self-acting, pneumostatic, hydrodynamic, ,r h%dr—titi^ effe,rs. This
is particulary true in conventional radial face seals for liquids (st.ch as pump seals), the hydrodynamic
forces being produced by miniscule misalignments and surface waviness (which are largely unplanned and
occur by happenstance) caused by such effects as local thermal expansions, friction, and wear. In con-
trast, in the seals which are the subject of this paper, the self-acting or hydrodynamic action is produced
by a "machln
-
rd in" bearing geometry and not by uncontrolled effects. Figure 4 shows this type of self-
acting seal.	 (Since a hydrodynamic seal assembl y would he the same in principle, the ;Iscusslon can he
limited to the s«lf-acting seal.)
A. pn•viousiv mentioned, a self-acting face seal Is similar to a conventional 	 face seal except for
the added feature of a self-acting geometry (gas lubricated thrust bearing). As with a conventional face
seal, it consists of a rotating seat which is attached to the shaft and a nonrotating primary ring assembly
which is free to move In an axial direction; thus the seal can accommodate axial motion such as Is due to
engine thermal expansion. The secondary seal (piston ring) is subjected only to the axiai motion (no ro-
tation) of the primary ring assembly. Several springs provide mechanical force to maintain contact at
start and stop.	 In operation, the sealing faces ate separated a slight ataount (in the range of 2.5 to
1.27 will (0.0001 to 0.0005 in.)) by action of the self-acting lift geometry. This positive separation re-
9ulta from the balance of seal forces and the gas film stiffness of the self-acting weometry. The self-
acting geometry can be any of the various types used In gas thrust hearings; the Ra y leigh step bearing is
Illustrated In Figs. 4 and 5.
t
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Within the seal industry .'tare in a wide variety of terms used to describe a W lar seal parts. The
ASLE seal glossary (Rat, 4) has provided sow guidance in seal nomenclature, and the self-acting nomencla-
ture which follows is mainly an extension of this ASLE work. The nomenclature applying to an assembly of
	 a
parts (Pig. 4) is
1. Primary seal - Seal formed by the sealing faces of the seat and primary ring. Relative rotation
occurs between these sealing faces.
2. Secondary seal - Seal fond by the sealing surfaces of the secondary ring. In the case of a bel-
lows seal the secondary meal is the bellows itself.
1. Static seal - Seal formed by the mating surfaces of the primary ring and its carrier (in some de-
signs the static seal is an interference fit).
4. Self-acting geometry - Lift-pad geometry (Rayleigh step bearing) and mating face which together
produce the thrust bearing action to separate the sealing surfaces.
5. Film thickness (h) - Distance between primary sealing faces or between surfaces forming the self-
acting geometry. For parallel surfaces the film thickness at the primary seal in the same as at the
self-acting geometry. (Note that h my vary with radial and circumferential position and with time.)
6. Seal head - Assembly that is axially movable and consisting of primary ring, its retainer (if any),
and its carrier. (The retainer and the carrier are combined into one part in some designs.)
The nomenclature applying to single parts (Fig. 4) is
1. Seat - Part having a primary sealing face and mechanically constrained with respect to axial mo-
tion.
2. Primary ring - Part having a primary sealing face and not constrained with respect to axial motion.
3. Secondary ring - Part having secondary sealing surfaces which mate to the secondary sealing sur-
faces of the carriers.
Force Balance
General description. - To determine film thicknesses and leakage in a self-acting seal, the axial
forces acting on the seal head (assembly of the primary ring and its carrier) must be determined ever the
range of operating conditions. These forces comprise the self-acting lift force, the spring force, and
the pneumatic force due to the sealed pressure. Essentially, the analysis requires finding the film
thickness for which the opening forces balance the closing forces. When this equilibrium film thickness
is known, the leakage rate can be calculated. This force balance analysis is readily obtained for the
steady-state case in which the seat face has zero runout with respect to the shaft centerline. In this
regard, a complicating factor is seat face runuut which intruduces dynamic film thickness changes. (This
is discussed in a later section.) For most seal design purposes the steady-state solution is sufficient.
The following sections outline the analysis used t,, obtain seal prrform.an, e pr edictions over the
operating range; for aircraft gas turbines this range is spanned by the idle and takeoff seal pressures,
temperatures, and sliding speeds. To provide an example, the 16.76-cm (6.60-in.) diameter seal was selec-
ted for illustrating the performance prediction analysts. Also, for comparison purposes, the performanre
maps are given for a 6.44-cm (2.54-tn.) diameter seal.
Primary Seal Pressure Gradient	 I '
To establish the axial force balance of the primar y ring, the pressure gradient in the primary seal
mist be determined.	 (See Fig. 4 for primary seal location.) The mathematical models described In Refs. 5
to 7 were used fur these calculations. From a gas leakage flow standpoint the primary seal is a lung pas-
sage. For example, a typical operating film thickness of a self-acting seal is in the range of 10.2 ;.m
(0.0004 1n.), and a typical radial length of the primary seal is 0.127 ..m (0.050 in.). Thus, the length to
height (1/h) ratio of the flow channel is in the range of 12511. Data from Refs. 6 and 7 show that this
leakage passage has the followinR qualitative features:
1. Laminar leakage flow prevails over much of the range of Interest In seals for gas turbines (pres-
sure range of 345 N/cm2
 abs (500 psta)).
2. Sonic velocity (choking) can exist at the passage exit for some of the larger pressure ratios and
film thicknesses which occur in seal operation.
3. Pressure profiles across the primary seal for choked and nonchoked flow can he very different.
4. Since the primary seal radial width is small compared with its diameters, the area expansion effect
	 y
on flow can be ignored.
5. The leakage flow and pressure profile are significantl y different if the surfaces of the primary
seal are not parallel. (See Ref. 8 for a discussion of the effects of :onverging and diverging sealing
surfaces.)
The primary seal mathematical model used in the one-dimensional analvsls of Refs. 5 and 7 is shown In
Fig. 6. As mentioned, the area expansion effects are ignored, and the model is a passage of height h
and length I.
From stagnation source conditions of P I and V I
 (wee Fig. 6) an Isentropic expansion is considered
to occur ahead of the entrance to the primar y
 seal gap. Thus, the entrance pressure, P2, !s less than the	 1
stagnation pressure PI, and the entrance velocity, 1'2, Is a finite value. To account for entrance loss
and viscous frictiun, It was found necessar y to use an entrance loss coefficient. Thus, the entrance ve-
locity, V2, is less than that calculated by isentropl, expansion.	 In a later section the entrance effects
are discussed In more detail.
-i
Flow in the sealing gap Is assumed one-dimensional and a friction factor Is Introduced to account for
viscous losses. At the exit, three conditions are considered in the anal y sis: First, exit velocit y , V3,
is subsonic and exit pressure, P 3 . Is equal to reservoir pressure, 1 1 4 .	 Second, exit velocity, V3, is sonic
and exit pressure, P 3 , is equal to reservoir pressure, P4. And third, exit velocity. V3, is sonic, the
flow is choked, and exit pressure, P 3 , is greater than the reservoir pressure, P4.
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- if the flow is subsonic throughout, the analysis reduces to the following squationst
sue:::.
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Typical pressure gradients across theYP	 P	 B primary seal for twoP	 Y	 design points	 (idle and take-of[)	 for the
lb.76 cm(b. b0	 in.)	 diameter	 seal	 are	 shown in Fig.	 7;	 these data were developed by
	 the analytical
	
proce-
dares of	 gel.	 i and	 is given
	 in more detail in get.	 9.	 The	 important	 point	 is	 that
	 choked and nonchoked
flows can have pressure gradients with very different	 shaped thus affecting the opening force, which	 is
the	 integrated force under the pressure-gradient curves.
Self-Acting Geometry
The self-acting geometry (Litt pads) consist of a series of shallow recesses, typically about 25 um
(0.001 in.) deep, arranged circumterent tally around the seal under the primary seal face as shown In Figs.
4 and S. An important point is that the lift pads are hounded at the inside diameter and the outside di-
ameter by the sealed pressure P l . lfhls is accomplished b y teed slots connecting the annular groove dl-
rectly under the primary• seal.) lherefure, the pressure gradient, due to gas leakage, occurs onl y across
Elie primary seal and not across the sell-acting geometry.
The melt-acting geometry is approximated by the mathematical model (shown in Fig. g ) In which the
curvature effects i,.:v e be !n neglected. This mathematical model and associated anal y sis are described in
detail in get. 10; the tu; t owing restriction . apply:
1. The fluid is Newtun,an and viscous.
2. A laminar flow regime is assumed.
J. Body forces are negligible.
Figure 9 shows the calculated lift force (see get. 10 for details) produced b y the self-acting geom-
etry for idle and take-off seal conditions. Inspection of Fig. 9 reveals that at film thicknesses of
2.7 us (U.000S in.) and greater the lift force is small.
	 However, at film thicknesses less than 2.7 t,m
(0.0005 in.) the lift force increases as the film thickness decreases, and as a result the self-acting
geometry has a high film stitfness which enables the seal head to track the face runuut motions of the ro-
tating seat lace. As mentioned previousl y , the sell-acting lift force tends to open the seal, and is
added to the primary weal opening torce to obtain the total opening force.
Clohing Forces
The closing forces acting in the primar y
 ring are a spring force and a pneumatic force. Since the
full sealed pressure acts to the inside diameter of the primar y seal, the net pneumatic closing force acts
only on the annular area between the prlmar y-seal inside diameter and the secondary-seal outside diameter.
For the 16.7h-cm (b.60-tn.) diameter seal this annular area (see Fig. 10) is 4-bb cm- (0 722 in 2 ), and the
resulting closing forces due to the sealed pressure it,- listed in Tab. 1. fur Idle and take-uff sealed
pressures.	 It should he noted that these closing forces are for average • dimensions at room temperature.
At operating temperature a thermal growth dlff. • rence may cause a change in the relation between the
secondary-seal outside daam.t.-r and the inside diameter of the primar y seal. Thus. the closing force
could be a function of temperature.
Equilibrium Film Thickness
In a rubbing contact seal the closing force Is resisted b y solid-surface rubbing contact; thus, a
total force balance is achieved.
	 But In self-acting seals the force balance Is achieved without rubbing
contact. Therefore, for a given design point the seal will operate at a film thickness such that the
a ;
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total opening force exactly balances the total closing force, and, .s Illustrated In Fig. 11 from Ref. 9.
the intersection of these force curves gives the steady-state equilibrium film thickness. (This film
thickness determination does not take into account dynastic running factors such as seat face runout and
piston ring damping.)
Each operating point should be checked for equilibrium film thickness. If these film thicknesses are
not satisfactory, it may be possible to adjust the closing force such that all operating points fall within
a satisfactory limit. Experience has shown that the satisfactory film thickness regime is about 2.5 u n
(0.0001 in.) on the low end (some tolerance to thermal deformation must be maintained) and 0.0013 WE
(0.0005 in.) on the high end. These 1lmlts are only approximate and depend to a large extent on the dy-
namic and thermal condition to which the seal is subjected. The high limit of practical film thickness is
established by seal dynamics and leakage considerations. In particular, the primary ring response to the
seat face runout becomes excessive as the mean film thickness increases (Ref. 11); this is because the
stiffness of the gas film decreases as the film thickness increases.
Performance Maps
Once the equilibrium film thickness is .found, the predicted leakage can be determined by using the
one-dimensional method outlined in Ref. 5. By cross-plotting the equilibrium film thickness over the leak-
age curves, a performance map can be generated; and typical data for the 16.16-cm (6.60-1n.) diameter seal
1s given In Fla. 12 (from Ref. 12). Inspection of Fig. 12, which covers a range of sealed pressure differ-
ential from 34 to 276 N/cm 2 (50 to 400 psi), reveals that air leakage increases as speed is increased; this
to due to more effective Reyleigh step bearing performance. Also for any given speed, as pressure is in-
creased, the equilibrium film thickness increases slightly. This suggests that the net pneumostatic force
(pressure gradient across the sealing dam minus the closing force due to the sealed pressure) is decreasing
slightly.
Performance maps (Fig. 13) for a smaller seal (6.44 cm (2.54 in.) nominal diameter) are similar except
that the design selection of the pneumostatic force balance led to a decreasing film thickness with in-
creasing pressure. Figure 14 shows the construction details of a small diameter seal design.
Care is taken to Insure flatness of the sealing surfaces after assembly. The seal seat is keyed to
the shaft spacer and is axially clamped by a machined bellows which exerts a predetermined clamping force,
thus minimizing distortion of the seal seat. The bellows also acts as a static seal between the seat and
the shaft spacer. Cooling oil Is passed through the scat to reduce thermal gradients, and the oil dam disc
also serves as a heat shield. Windbacks are used to prevent oil from approaching the sealing surfaces.
Inlet Effects
As mentioned previously, shaft seals fur gases have very small sealing gap heights h (direction per-
pendicular to the leakage flow), and these are in the range of 2.5 to 12.5 um (0.0001 to 0.0005 in.). In
the direction of flow the gap length Z is relativel y long, In the range of 1270 ym (0.05 in.).
	
In ,th,•r
words the leakage channel is long and narrow with Z/h ratius of over 100. The mathematical modeling of
this leakage channel is critical, in that the validity of the equilibrium film thickness prediction de-
pends to a large part on the accuracy of predicting the pneumostatic opening forces on the primary seal;
this is the pressure gradient which accompanies the leakage flow. The fully developed portion of the flow
is readily obtained (Ref. 5), but the entrance region loss data for seal configurations and operation Is
generally not available.
Data with some applicability has been developed for gas lubricated bearings. But the flow In the
cavity region just before the inlet of gas thrust bearings Is generally different from that before seal
configurations beeaUle the flow to the Inlet of thrust bearings Is often a strung function of radius and
not so for seals. For this reason the inlet condition In hearings can be sent( or even supersonic. 	 In
this regard sunic, or supersonic, inlet flow is not predi,ted b y the seal mathematical model (Ref. 5); and
subsonic Inlet flows are thought to prevail.
As an illustration of Inlet effects the mathematical model of Ref. 5 was used to calculate the pres-
sure gradient fur the small diameter seal depicted In Fig lb Assumed gap thicknesses were from 2.54 to
12.7 um (0.0001 to 0.0005 In.) and the operating condition% .assumed were
Sliding speed	 190 m/sec	 (650 ft/sec)
Sealed gas temperature 	 677 K	 (7500 F)
Sealed gas pressure (P1)	 148 N/cm2 abs	 (214.7 psis)
Bearing cavity pressure (P4)	 25.6 N1cm2 abs	 (37.1 psia)
A constant inlet coefficient of 0.b was assumed for the range of gap heights, and the pressure gradient
curves are an %hown In Fig. 15, in which the area.. under the curves represent an opening force. An impor-
tant point is the inlet pressure loss: the mathematical model predicts that the smaller leakage gaps have
less Inlet loss than the larger gaps (assuming the Inlet coefficient is constant). 	 The other point to note
1s that the larger daps are operating under choked Ilow rondltlons at the exit, whll,- the smaller gaps are•
nut choked. The choked flow condition tends to increase the area under the curve, but the inlet lose tends
to decrease the area (decrease closing force). 	 The net result Is a smaller closing force exists under the
curves for the larger gaps. This is beneficial since It introduces positive axial film stiffness; that is.
If the leakage gap closes, the opening force Increases, and this tends to hinder further closing. This i.%
a desirable feature since It 1s a pu%itive stabillring force from n dvnamic operating standpoint.
In order to check the inlet los% coefficient magnitude which applies to seals, experiments were made
using a scaled-up simulated primar y veal with a fixed clearance of 25.4 Lm (0.001 in.). A schematic of the
test rig is shown In fig. 16, and an example of the data obtained Is shown in Fig. 17 fur a pressure ratio
of 10 with an upstream reservulr pressure of 62.1 Nirm ,
 (90 ps1:a).	 In addition to the Inlet loss the pres-
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sure gradient across the primary seal was measured by means of a set of small diameter pressure tape.
Analysis of the data shows tht inlet coefficient to be 0.66. in addition the data provides a conven-
ient check on the accuracy of the primary seal pressure gradient model of Ref. 5. figure 17 shows some
deviation between the measured data and the calculated profile but the agreement is good. It should be
noted that a slight convergent deformation, if it actually exists in the rig, will produce the deviation
shown. And, in fact, analysis revealed that theory and experiment will agree exactly if a convergent de-
formation of 0.0004 radian is assumed; and for this case the coefficient drops to 0.61. It is apparent
from theoretical data (Fig. 15) and measured data (fig. 17) that neglect of Inlet effect in the mathemati-
cal model for the pressure gradient will result in a predicted opening force which Is too large. This is
the significant point of the data.
Adverse Operating Conditions
Effect of nonparallel sealing faces. - Figure 18 shows, in an exaggerated manner, the axisymetric
coning displacement of the seal seat. (The primary ring could also be coned.) This type of coning dis-
placement, which can be caused by thermal gradients, results in nonparallel faces within the primary seal
and the self-acting geometrv. These nonpara:lel faces have a significant effect on load capacity of the
self-acting geometry; also the primary seal opening force is affected. Thus, in design, the equilibrium
operating f c lm thickness should also be calculated for anticipated coning displacements.
As an example of the effect of this coning, cruise condition operation was checked (using the methods
of Ref. 9) for equilibrium film thickness for a distortion of 13 um (0.0005 in.) across the self-acting
pad. This is a distortiun of 2 milliradlans and is typical of some seal operation (Ref. 12).
Figure 19 shows the self-acting lift force for the 2-[milliradian distortion of the seat face. Note
that the force is plotted as a function of the mean film thickness of the self-acting pad. Also plotted
is force generated for a parallel film, and comparison shows a significant reduction In lift force due to
the axisy®etric coning, especially at the lower film thicknesses.
As noted previously, the primary seal opening force is also affected b y nonparallel faces; and this
was calculated by using an anal y sis similar to Ref. 7 for the 2-milliradian distortion. The results are
given fit 20. For the divergent deformation shown in Fig. 18, there is a marked reduction In opening
force as the film thickness decreases (negative film stiffness). In contrast, for convergent deformation
the opening force increases as film thickness decreases (positive film stiffness). However. In atretaft
mainshaft seals, the divergent deformation Is a natural tendenc y due to thermal gradients.
Finall y , in fig. 21 the equilibrium film thickness for a 2 milliradian distortion is found by finding
the intersection between the total closing force and total opening force. The mean film thickness is about
1.69 um (0.00066 in.). Thus the minimum film thickness Is 10.4 um (0.00041 in.).
With the equil i brium I:lm thickness values for the axisymmetrlc distortion, the gaff leakage was calcu-
lated by using file method previously outlined. The results revealed that the leakage rate for the
2-milliradian deformation vas nearly twice that of the parallel-face case.
Effect o_f_seat face runuut. - The preceding analyses were for operating film thicknesses th.et did not
vary with time. This would br the situation if the rotating seat face had zero runout. However, the seat
face will. In general, have sump runout with respect to the seat's axis of rotation; and In particular,
the maximum rollout used in practice is of interest since It will Induce the maximum time-dependent film
thickness changes.
Of interest, then, is how the primary ring respond, tna the runout muttons of the seat face. This re
sponse det,rmines the film thicknesses at any instant. Experimental data reported In Ref. 13 reveal that
the primar y ring can follow (dynamically track) the scat face motion over a considerable range of face
runouts. 'rhese data were obtained by mounting two proximit y pr,-bes (90o apart) on the ring retainer and
recording the change in film thi,:kne• ss as a function of time. A schematic showing the probe location Is
given in Fig. 22.	 Some results from Ref. 11 are given tit 	 23 which shows that for a seat face runout
of 20 ,.m (0.0008S in.) full-indicator reading (F.I.R.), the ring response- Is In phase and the total change
in film thickness is 17 ;.m (U.00067 In.) and that the Illm thickness varies ciccumfere • ntially; that is,
the film thickness is not axlsvmtmetrlc and 1s similar to that depicted In Fig. 24.
This nunsvmm• tric angular misalignment is an Inherent tendenc y because of secondary seal trictton and
seal hvad Inertia. which are Introduced b y the tracking response to the soot face axial runout. As the
high point of the seat face runout (see Fig. 24) rotates, flit seal head must [move back, and this Is re-
sisted b y the se,ondar_v seal friction and head Inertia; thus the film thickness tends tr br smaller oppo-
site the high puint ul face runuul. 	 In contrast, the friction and inertl y are acting fit 	 direc-
tions at the low point (180 0 awa y ).	 Therefure, a rotating force couple exists which Is svnchrn , nuus with
the face runout (If the oral head i+ properl y tracking the seat motion); this causes the sealing faces to
have an inherent angular misalignment.
As pre• vluusl y indicated, nonparallel laces —ol—	 „ngc	 iu the pt. • ssurr, gt.tdlent a,tons th. primary
seal .and, therefore, effect the contribution of the prlmar y veal to seal stablllt y ; this rnntributinn can
either have a pusltive (converging faces) or negative (dlvct,ln,. fares) effect. 	 Table 11 (from Ref. 14)
outlines some ofof the possible primary seal distortions, .axlsvmmet ric .a.ad nonaxisviene • trlc; and the result-
ant contribution for seal stabilit y Is Indicated.	 Table 11 was -instructed for Incompressible fluid but
these stahillty [models, in general, also appl y when sealing a compressible gas. 	 For gas turbine mainshaft
seals. model F. with the sealed pressure at the Inside diameter. 1s probablv the most prevalent with the
nunaxisvmse • tric displacement (angular misalignment) being prod- .,I b y the response of the seal head to the
fare runout motions of the seat. The axisvtmeetrlc portion of the nonparallel displacement will he due to
thermal gradient which arises because of two effects:	 (a) the temperature gradient between the sealed gas
and the hearing sump, and (b) the shearing of the fluid Illm In the primer, seal. Anal y sis suggests that
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the thermal coning can readily predominate, therefore, with reference to model g of Tabl II, 0 will be
greater than y, and the seal force will be divergent over the full 360 0 ; this is a destabilizing condi-
tion, and overall seal stability must be provided by the self-acting geometry if rubbing contact is to be
avoided.
An analytical program has been developed for the purpose of predicting primary seal ring response to
seat face runout (Ref. 11). Analysis of the 16.67-cn (6.60-in.) diameter seal depicted in Fig. 4 revealed
that the primary ring response is markedly affected by secondary seal friction and by inertia of the v.i-	 j
nary ring assembly. The friction effect is illustrated in Fig. 25; as runout increases, there is a fric-
tion level that, if exceeded, will retard the primary ring motion to such an extent that rubbing contact
will occur (line (1)); also for the higher face runouts there is a friction level below which the inertial
	 a
forces are so high that the primary ring cannot follow the runout (line (2)). Therefore, some friction is
probably desirable for most applications because of the practical limits on control of face runouts. Fur-
ther, the data suggest that the primary ring assembly inertia should be kept as small as practical In or-
der to maintain good response (avoid unstable operation).
	 j
In a detailed analysis (Ref. 11) three different types of nosepiece responses were revealed by a
parametric study using different magnitudes of seat face runout and secondary seal friction. These three
cases are
Case 1 - Primary ring motion duplicates seat face runout motion and can be described by rotation
(rocking) about two orthogonal axes. However, because of primary ring Inertia and/or friction, the face
of the ring has an angular misalignment with respect to the face of the seat. Therefore, the film thick-
ness between the faces is not uniform (see Tab. II, model D).
Case 2 - Same as case 1 plus an additional axial vibration component.
Case 3 - Seal failure (film thickness reaches zero). This case can occur when the frictional forces
are either two low (when Inertia forces are high) or too high for the available load capacity of the self-
acting pads.
An analysis was made of the seal head dynamic response of the 6.44-cm (2.54 in.) diameter seal with a
seat face runout of 13 um (0.000512 In.) and with secondary seal friction considered. The mathematical
model described in Re•t. 11 was used, and the data are given in FIR. 26, in which the minimum film thick-
ness is giv n as a function of time for a seal sliding speed of 244 m/sec ( 800 ft/sec). The plot in
F,a. 26 • .,•:'a stable operation with a minimum film thickness of 5.6 um (0.000219 In.) was achieved within
a very short time span; stable operation of the case I type (tracking without axial vibration) was pre-
dictee.
EXPERIMENTAL DATA
16.76-Centimeter (6.60-In.) Nominal Diameter Seal
Table III (from g et. 12) shows typical experimental data on the large diameter seal. The maximum com-
bined conditions attempted to the rig test were a sliding speed of 175 m/sec (575 ft/sec), a sealed gas
temperature of 811 K (1000 0 F), and a sealed pressure of 207 N/cm' gage (30U psis;).	 MIS set of Iata and
resulting posttest inspection of the parts confirmed the analytical predictions that the seal would
functio.. without rubbing contact at operating conditions expected in advanced engines.
Figure 27 (from Ref. 12) shows some exp-rimentally obtained leakage results compared with the pre-
dicted total leakage (combined primary and secondary seal leakage). The correlation is reasonable, and
the experimental data show the scatter typical of leakage values obtained throughout the test. This scat-
ter in results is dut to the strong dependence of leakage on sealing clearance (A ver y
 small change in
clearance will produce a significant change In leakage. Sce formula (1).)
In addition to the perfurmance evaluation at varlou •. operating conditiuns, the seal was subjected to
320-hour endurdnLe test ( get. 15) at the following test conditions:
120-hr segment	 20D-hr segment
Sealed air temperature	 775 K (1000u F)	 775 K (1000° F)
Sealed pressure difterent/al
	
138 N/cm2 (200 psi)	 138 N/cm2 (200 psi)
Seal velocit y	12: m/sec (400 ft/sec)	 12: m/see (400 ft/sec)
Spring load	 hK', N (I5.4 Ib)	 hfl.5 N (15.4 Ih)
(hiring the Bret segment of testing, seal leakage averaged approximately 0.33 scmm (11.7 scfm) as
shown in Fig. 28. During the second segment, leakage averaged 0.40 scram (14 scfm) for the first 100 hours,
and increased at the rate of approximately 0.03 stmm (I scfm) every 20 hours for the second 100 hours.
Inspectiun of the seal after the 120 hours suggested that the gradual Increase In leakage was due to
air-entrained debris erosion of the sealing dam. 	 (Erosion due to debris Is discussed in the following sec-
tion.) A profile trace of the carbon primary seal face taken after 120 hours of endurance is shown in Fig.
29(a). The deepest scratch (air entrained debris) in the sealing dam vas approximatel y 5.08 um
(0.0002 In.). The average Kavleigh pad wear for the 120-hour test was less than 1.27 pm (0.00005 In.).
After the second segment of testing the carbon primar y seal and seal seat were still in good condition.
A profl a trace (Fig. 29(b)) taken at the same location as the traces In Fig. 29(a) shows more shallow
scratches 1.54 um (0.0001 In.) dee'. The average wear on the Ra y leigh pads for the second segment of
200 hours was Ie g s than 1.27 um ( .00005 in.).
The effects produced by air entrained debris were checked by the introduction o f abrasive particles
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(Ari;,,tia road dust) Into the test rig at the rate of 3.5 g/hr over a 14.5-hour test run. Data ladieated a
gradual increase in seal leakage due to wear of the sealing dam by the air entrained dirt. No significant
wear occurred to the Rayleigh step pad portion. The erosion wear pattern of the primary seal Is shown in
Fig. 30, which is a surface profile trace taken radially across the primary seal. It is thought that the
sealing dam wear may proceed until the leakage gap height becomes large enough to pass the entrained
debris.
6.44-Centimeter (2.54-In.) Nominal Diameter Seal
Table IV contains Sae leakage data for relatively small diameter self-acting seal n (see Fig. 14) oper-
ating in a test rig over a pressure differential range from 23 to 111 N/cm 2 (34 to 161 psi) and a alldirg
speed range from 91 to 183 m/sec (100 to 600 ft/sec). (This 1s a rotative speed Lange of 27 300 to 54 600
rpm.)
The test setup contained two seals, one fore and one aft of the rig bearing. This simulated u bearing
compartment in a small gas turbine. Neither the forward nor the aft carbon nose or seal seat shoved any
wear during this evaluation (Tab. IV, from Ref. 16). Thus the sealing surfaces were separated by a gas
film over the entire matrix of operating variables. This suggests that the gas bearing film stiffness was
sufficient to prevent rubbing contact under the high inertia forces which are associated  with high rotative
speeds (inertia forces Increase as the square of the rotating speed).
Data in Tab. IV indicate a seal leakage increase with a sliding speed increase (for any given pres-
sure differential). This leakage increase is due to a slight Increase of the sealing gap.
To further explore the operating limits of the smell diameter self-acting seals, 500 hours of endur-
ance operation at ambient temperature (-381 K (225 0 F)) was conducted as follows (Ref. 16):
Hours Speed Air pressure
differential	 (sa x)
w/o I	 ft/sec rpm I
N/cm	 abs psi&
I	 -	 100 145 475 43 000 125 181
190 -	 200 152 500 45	 500 129 186.5
200 - 300 160 525 47	 700 130 189
300 - 400 168 $50 SO 000 1:9 187
400 -	 467 175 575 5.	 300 128 186
40 - 500 183 600 1 54 600 128 186
The same aft seal carbon and seat were used throughout the test, and a forward carbon ring was used
that had previously operated for 150 hours.
Table V from Ref. 16 outlines test results for the 500-hour run. The last run vas typical of the air-
flow that ran be expected through two %nals at an air pressure differential of 127 N/cm 2 (184 psi); approx-
imateIV 0.007 kg/sec (12 scfm or 0.015 lb/sec).
The depth of the sell-acting geometry was checked by surface profile measurements for the purpose of
monitoring the wear process. The average total wear of the carbon rings during the SDO-hour test vas 51 t.m
(0.0002 in.) (Re(. 16). 	 In addition to endurance runs, the effect of meat face runout wax evaluated In a
10-hour test run by using seats which had been machined such that In the assembled state a full indicated
runout of 50.8 wm (0.002 in.) existed; thin magnitude in twice thr usual practice for conventional seals of
this size range. Vaseline tests were also conducted on seal assembllem which had r ••nouts of 15 un
(0.0006 In.). A comparison of leakage rates Is shown in Fig. 36. Maximum speed was 43 000 rpm or 145
m/sec (475 ft/sec).
	
The data of Fig. 31 reveal a significant axial runout effect on leakage rate, the
seals with 50.8-:.m (0.002-in.) seat face runout - having about three times the leakage of the seals With
normal runout values (15 i.m (0.0006 In.)). Inspections after the two tests, 10 hours of baseline testing
and 10 hours of testing with 40.8-um (0.0020-in.) runout, revealed that wear van insignificant; therefore,
noncontact operation was maintained In both 10-hour test.. The increase in leakage over the baseline test
to due to a greater average film thickness Induced b y response of the primary ring to the seat face runout
(see previous discussion on effects of seat face runout).
Spiral Groove Self-Acting Seal
The Ra,rleigh step bearings of the small diameter seal depicted in Flit. 14 were replaced with a set of
spiral grooves (see Fig. 32), and the seal was run at simulate engine conditions. Tvpical %cal leakage
data are •.hown in Fig. 11 (from Rel. 17) for sliding %perds of 182.9 m/sec (600 ft/sec).	 Data at other
sliding speeds confirmed that the general trend fer salt-acting seals was a leakage increase as speed I.n-
cr •• 2srd. The leakage, however. was relatively low and considered within the unable range for application
i n small gas turbine engines.
A 54-huur endurance run was nude at 148.1 N/cm' atin (215 psia) sealed pressure and the data are given
in Tab. Vi. The sliding speeds ranged from 122 to 241.8 m/sec (400 to 800 ft/nec), with the majority of
ti.:• time being at 211 s/sec (70(^ ft/sec). The maximum sliding speed of 241.8 m/sec (800 ft/src) corm
%ponds to a maximum rotating mperd of 12 SOO rpm.
The -vamurrd wear in the spl • al groove region after the 54 hours of operation was (Rel. 17):
Forward meal . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .	 No measure5le wear
Aft seal .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 1.0 we (0.000040 in.)
1
m°:rte	
-- - - =
wasm
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Leakage Rate Comparison to Conventional $eal
Leakage tests were made on various conventional seals of a six* comparable to the 6.44-cm (Z. S4-!n.)
disaster Rayleigh step pad seal (Pig. 14)1 the comparison is shown in Pig. 34. In general, the plot shove
the: the self-acting face seal has the potential of significantly reducing leakage as compared with the
conventional seals.
Of the conventional configurations, face seals allowed the least air flow at high pressure dlfferen-
tiale. Circumferential segmented seals are as tight as face seals at moderate operating conditions; hov-
ever, expIrtence and the subject test program results have shown that at pressure differentials above
41.4 N /cn (60 pal) and speeds above 107 m/sec (350 ft/sec), these (unbalanced) circumferential segmented
seals rapidly wear out and finally operate as labyrinths. In that case there is little to choose between
r	 circumferential, rotating ring, and labyrinth seals in terms of air flows.
To gain Some perspective of the magnitude of air flow under discussion, engine ,xperience has shown
that excessive air flow into a bearing package incorporating seals of the size used f the test program
would be in the order of 0.012 kg/sec (0.029 lb/sec). Taking midpoint values of the range of pressure
differentials in F1Q 34, the face seal could not meet this criterion at pressure differentials above ap-
proximately 85 N /cw Z
 (123 pat), and the limiting pressure differential for circumferential segmented seals
(which wear rapidly), rotating ring seals, and simple labyrinths would be approximately 40 N/c02 (58 psi).
The self-acting seal, however, did not reach the limitint leakage rate and had a leakage of 0.0046 kg/sec
(0.0102 lb/sec) at a pressure differential of 107.6 N/cw Z
 (156.0 psi). In general the self-acting anal
had about one third the leakage of the conventional face seal.
CONCLUDING REMAKI(S
K
Self-acting seal% are described, and their potential for meeting operational requirements of gas tur-
bine engines is explored by means of predlctive analysis of their operation At Sealing speed, pressure,
and temperature conditions which would he imposed by the engine. In particulat, the analytical procedure
In e: en for predicting the leakage and operating film thicknesses. Performance MAPS for two Real sizes
are ` .en; these are a 16.76-cm (6.60-Ln.) nominal diameter seal suitable for large engines and a 6.44-cm
(2.54-It.) diameter Neal for small engines. The analysis and subsequent operation of these seals under
simul.e e, gas turbine conditions revealed the following:
1. Analysis
a. Noncontact operation with acceptable leakage is p redicted over the range of engine operation con-
ditions (fill,-, takeoff, climb, and cruise) for both Aral stse%.
b. The prcdlcted uperatioK film thickness of the 16.76-cm (6.60-In.) diameter seal ranged between 4.6
and 11.9 twm (0.00018 and 0.00047 In.) for idle, takeoff, climb, and cruise.
c. The calculated seal leakage rates of the 16.7(,-cm (6.60-1n.) diameter seal ranged between 0.01 and
0.40 Scram (0.4 and 14.0 scfm) for idle, takeoff, climb, and cruise.
d. For a typical operating condition nuncontart uperatlun was predicted under the assumption of a
2-milltradian fare deformation. Gas leakage was shout twice that for parallel-face uperatinn.
e. Anal y sts reveals that the pr.• smure drop in the Inlet to the primary seal give, rise to a positive
film stiffness and has a signifi wnt effect on %cal op.• ninK force magnitude.
f. Proper tracking of the seat face runuut by the ,arbun ring is predicted for practl al IrVI • IE of
face runuut magnitudes.
2. Experiment, Simul.etvd Engine Operatiun
a. In grnrral the sill-acting seals uperate, as prcdlcted, without rubbing contact over the range of
+imulatvd engine operating cunditions. Uf parti,ular lnterrst was: 	 (a) the nunoontart operation of the
16.76-cm (6.60-1n.) diamctcr %cal at the advanced cnginc n.nditlnns of a 152-m/arc (500-ft/sec) sliding
speed, a 345-N/cm= (5UU-pso) scaled prrs%urr differential, and a 811 K (1000° F) _raked air temperature
and (6) the noncontact o1)cratl0n1 of till, 6.44-cm (:.54-In.) diameter seal at a 243.8-m/err, (800-It/err)
sliding speed and a 148.1° 141cm 2 (215 psi) sealed pressurr level.
b. The self-acLiug face seal leakage was sig,iilcanlla lower than that of conventional seal types.
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TABLE I. - CLOSING FORCE
Design point
Idle Takeoff
Sealed	 gas	 tespsrature.	 .	 .	 .	 .	 .	 .	 . 311 r (1000 ► ) 977 K (1300° F)
Seal	 sliding speed.	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . 122 s/sec (200 Wart) 137 m/sec	 (450 ft/sac)
Sealed pressure.	 P 1	.	 .	 .	 .	 .	 .	 .	 .	 . 45 N/c02 &	 (65 psi&) 217 N/cm2 a	 (316 pain)
Pressure charge,	 AP	 .	 .	 .	 .	 .	 .	 .	 . 34.5 N/cm	 (50 psi) 207 N/cm (300 psi)
Sealed-pressure closing force, Fp 160.6 N
	 (36.1	 lbf) 963.4 N	 (216.6 lbf)
Spring	 force,	 Fs .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . 71.2 N	 (16 IV) 71.2	 N	 (16	 lbf)
Total closing force. Pt . Fp + Fs 231.7 N	 (52.1	 IV) 1034.6 N	 (232.6 lbf)
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TABLE II. - SEAL STABILITY MODELS
Pressure Axial Restoring
Pattern stiffness snow nt
A.	 Parallel
®	 PO < P i Axisymmetric Zero Zero
I	 ®	 PO > P i Axisymmetrlc Zero Zero
B. Coned	
^
w
^S1
w
11^	 PO < P i Axlsvnnetric Negative Negative
GP0
> P I Axisywwtric Positive Positive
i
C.	 Coned
® '	 PO < P i Axisymmetrie Positive 'ositive
i
P
0 > P 1
Axisymnrtric NegativativeNegative
D. Misaligned
1
/^	 ®	 PO < P i Nonaxisye etric Positive Pnsltivr
®	
® PD > P i Nonaxisymmetric Negative Negative
^Y
E. Coned and misaligned
® I^	 PO < P i Nunaxisymmetric Negative Negative
®
110>Pi Nunaxi xvmmvt r is Pus lti ve .os it lve
^Y
F. Coned and misnligned
®	 I	 ®	
PO < P I Nonaxisvmmrtrla Positive Positive
>	 1' t®	 I	 ® I0
Nonaxiavtricmma• Nea• a[Ivr Nrgatly.
n Y {
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TABLE III. - TYPICAL TEST DATA FOR 16.76-CENTIMETER (6.60-IN.) NOMINAL DIAMETER SEALa
N
Time,
hr
Sliding speed Seal pressure Air
temperature
Oil-in
temperature
Actual total air
leakage
a/sac ft /sec N/cm2 psi K of K of scrosXIO3 @c fm
2.0 111 365 207 300 700 800 394 250 15.0 31.9
2.0 I 224 325 16.5 34.9
2.0 241 350 17.8 37.8
2.0
1
259 375 18.8 39.9
2.0 275 400 19.6 41.5
2.0 122 400 275 400 26.6 56.4
8.0 122 400 293 425 27.8 59.0
1.0 137 450 207 300 F.1 1000 17.2 36.5
.5 152 500 17.5 37.0
.5 160 525 16.5 35.0
.75 168 550 16.5 35.0
25 1	 175 1	 575 17.9 1 38.0
%f.. 12 .
TABLE IV. - SELF-ACTING FACE SEAL EVALUATION
(6.44-cm (2.54-in.) nominal diameter seal.)
Rpm Speed Air pressure
differential
Airflow
(two seals)
Seal
temperature
m/sec ft/sec N/cm2 psi kg/sec lb/sec K of
27 300 91 300 23.4 34.0 Q.0006 <0.0013 333 140
36 400 122 400 23.1 33.5 <.0006 <.0013 352 174
45 500 152 500 23.1 33.5 <.0006 <.0013 371 210
54 500 183 600 22.1 32.0 .0011 .0024 392 246
27 300 91 300 111.4 161.5 .0023 .0050 364 196
36 400 122 400 110.7 160.5 .0032 .0070 373 212
45 500 152 500 109.6 159.0 .0036 .0079 386 236
54 600 183 9	 600 107.6 156.0 .0046 .0102 402 263
TABLE V. - 500-HOUR ENOURAIICE TEST RESULTS*
IS
	
pressure, 148 N/cm2 abs (215 psis)]
Hours Maximum airflow Maximum cavity Maximum seal temperature Number
(two seals) pressure of
Forward Aft stops
kg/s scfm lb/sec N/cm2 ab n psis K of K of
b 	
- 100 0.011 18.5 0.024 25.3 36.7 407 272 380 225 8
b 100 - 200 .008 13.5 .017 21.8 31.7 417 290 385 234 9
b200 - 300 .007 12.5 .016 21.5 31.2 421 298 390 242 21
b300 - 400 .008 14.5 .018 22.5 32.7 420 296 395 251 9
400 - 467 .007 12.5 .016 21.2 30.7 420 296 399 258 8
467 - 500 .007 12.0 .015 21.2 30.7 426 306 407 272 3
a Ref. 16.
bAir leakage results includes leakage through scavenge fittings.
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TABLE VI. - ENDURANCE TEST FOR 6.44-CENTI?TTER (2.54-IN.) DIAMETER SPIRAL SELF-ACTING SEAL
(Sealed air pre N ,ure, 1.8 N/cm2 abs (215 psia),I
Accumulated Speed Cavity pressure Airflow Seal temperature
time, 2
hr m/sec ft/sec rpm N/cm	 abs psis kg/sec scfm !b/sec Forvard Aft
K of K "F
4 122.0 400 35 900 28.7 41.7 0.0116 20.0 0.0255 359 188 360 189
9 152.0 500 45 100 32.0 46.7 .0119 20.; .0261 377 220 386 235
19 183.0 600 54 100 28.9 40.7 .0093 16.9 .0204 402 263 407 273
24 213.0 700 62 900 28.1 40.7 .0079 13.5 .0172 454 358 469 385
45 213.0 700 62 900 26.7 36.7 .0070 12.0 .0153 48C 405 504 448
52 215.5 707 63 800 32.2 46.7 .0104 18.0 .0229 527 490 544 520
53.7 230.7 757 68 300 34.2 49.7 .0115 20.0 .0255 547 524 559 547
54 236.8 777 70 100 34.9 50.7 .0115 20.0 .0255 550 530 563 554
54.1 243.8 800 72 500 34.2 49.7 .0115 20.0 .0255 555 540 562 553
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Figure 12. - Primary seal leakage as function of film thickness.
Nominal diameter seal (from ref.. 12). 16.76 cm 16.60 in. F,
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Figure 13. - Performance map for 6.44 cm 12.5 In.) nominal diameter seal.
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loss coefficient, 1.0.
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Figure 17. - Primary seal inlet pressure drop and pressure gradient.
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 abs (90.4 psia k pressure ratio, –1Q
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Figure 2D. - Opening force acting on primary ring
assembly Sealed fluid, air. Sealed pressure,
148 Wcm 2 (215 psial; fluid temperature. 700 K
W F). (From ref. 9.)
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Figure 3. - Equilibrium gas film thickness determined by total
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Figure 22. - Schematic showing priximity probe location.
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Figure 23. -Oscillograph traces showing response of ring to seat
face runout. Recess-pad length to land-length ratio, 2:1;
recess-pad depth, 0.0013 centimeter 10.0005 in. l; sliding ve-
locity, 61 meters per second 1200 ft/sec); ambignt pressure,
10 newtons per square centimeter (147 lblin. ); room tem-
perature, 300 K 1800 Fl; spring load, 1.13 kilograms (2.50 lb).
(From ref. 13.)
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Figure 27. - Seal leakage; 16.76 cm (6.6 in. ) nominal diameter seal.
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Figure 30. - Representative profile trace taken radially across the face of the carbon ring at
completion of air entrained dirt test. Total test time, 14.5 hours.
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Figure 34. - Comparison of seal configurations.
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